INTRODUCTION
Bacterial infections are prevalent today and the continued resistance to various types of drugs has led them to emerge as super bugs [19] . The continued and evolved strength against antibiotics is due to their functionalities, which include their ability to interact, signal and communicate, move towards areas of favourable conditions, forming protective structures, as well mutation process that occurs in their DNAs [8, 26] . In this paper, we will focus on one particular functionality of bacteria that protects and enables them to evolve and resist to antibiotic treatment, and this is known as biofilms. A bacterial wall is formed around the biofilm inducing a competition for available nutrients. Free-moving bacteria are attracted to the wall if their distance from the bacterial wall were smaller than the action radius of quorum sensing molecules.
• Design of biocompatible technique to disperse biofilms: The process concentrates on the natural signalling process between bacteria to induce competing behaviour. The bacteria swim towards an established biofilm, surrounds it and consume nutrients within the environment leading to biofilm starvation (the implicit objective is to trigger social competition within the biofilm that will lead to conflicts and breakage of the biofilm).
• Simulation evaluation: Simulation scenarios are proposed to show the effectiveness of breaking the biofilm through a population of bacteria that surrounds and intercepts the nutrients flowing towards the biofilm.
This paper is organised as follows. In Section 2, the biofilm dispersal process is characterized. The proposed system is formally characterized in Section 3. Section 4 presents the analysis and simulation of the bacterial competition that will lead to the breakage of the biofilm. Lastly, Section 5 presents the conclusion.
BIOFILM AND BREAKDOWN APPROACHES
Within the human body, biofilms can be formed between the edges of tissues that contain implantable devices [7] . After the biofilms are matured, the EPS protects the bacteria from physical attacks and drug treatments such as antibiotics. Bacteria inside biofilms constantly monitor the environment and induce specific phenotypes as response to any sensed signal [9] . As a response to harsh environments, the dispersal mechanism is activated. This mechanism, commonly used to assure community survival, can also be used to reach other surfaces and spread the biofilm further [19] . In certain cases, these dispersed cells (biofilm flocks or freemoving bacteria) are as harmful as the biofilm itself. For example, in air pipes, biofilm flocks can be carried by the air which can affect people who inhale them [7] . At the same time, biofilms in water pipes must be constantly monitored because they develop a high resistance to chlorine used to treat the water, resulting in high levels of contamination [7] .
The current pharmaceutical products are capable of treating biofilms at the early formation stages [26] . However, drugs do not have the same efficiency to kill bacteria inside mature biofilms and, even worse, can promote the development of drug resistance genes. China have recently reported the emergence of "superbugs" that are resistant to all known antibiotics [14] . Therefore, numerous research efforts have been put into mechanisms of dispersing biofilms as a preventive measure for the superbugs [4, 16] .
Current techniques to induce biofilm dispersal applies quorum sensing molecules and the use of nano particles. Researchers have investigated how disrupting quorum sensing could be used to disperse biofilms and have applied this technique towards the development of new antibiotics [4, 12] . Others are studying how to use nanoparticles as antimicrobials, as they can be lethal to free-moving bacteria [5] . Nanoparticles, as silver ions, can penetrate into biofilms and bond to EPS molecules disrupting it [25] . Although these novel approaches can break biofilms, they require an application of drugs or foreign materials which is not suitable for application in humans since they can result in harmful side effects. For example, nanoparticles need to be precisely injected close to the biofilm, and must not accumulate in specific areas of the tissue due to their high toxicity [21] .
An alternative approach is proposed in this paper (see Figure 1) . The basic idea is introduce a harsh environment by reducing the amount of available nutrients in order to affect the biofilm's capacity of maintaining the structure. The objective is to utilise bio-compatible mechanism of competing free-moving bacteria to hijack the nutrients. This will prevent the flow of nutrients into the biofilm and disrupt their upkeep leading to the breakage. The paper will present numerical evaluations to demonstrate how the blockage of consumed nutrients by free-moving bacteria can induce biofilm dispersal.
SYSTEM MODEL
We propose in this paper an induced ecological competition among engineered free-moving bacteria and biofilms. The competition analysis consist of two steps, which are illustrated in Figure 2 . The first step consists of sensing biofilm within the environment. Engineered free-moving bacteria will detect a concentration level of QS molecules emitted by the biofilm, and terminate their movement once these levels indicate their proximity to the biofilm in order to form the protective wall. The free-moving bacteria will emit more QS molecules to attract other bacteria within the vicinity to increase the size as well as strengthen the wall. The biased movement results from the activation of their regulatory network once they sense a minimum level of QS molecules [18] .
The second step is the nutrient consumption phase by the free-moving bacteria that results in the wall's growth. Due to the number of bacteria within the wall, after a certain period the nutrient consumption rate will be greater than the nutrient renewal process. Therefore, higher efficient nutrient consumption results in increased efficiency to disperse biofilms.
To analyse this process, we model the attraction of freemoving bacteria towards the biofilm to create the wall as a single event (see Subsection 3.1). In Subsection 3.2 we present the growth rate and nutrient consumption rate models for both biofilms and free-moving bacteria.
Attraction Model
To evaluate the attraction process of the free-moving bacteria to the wall we need to obtain the concentration levels of quorum sensing molecules (Ac) that are produced by the wall. These levels can be evaluated as [20, 23] 
where D is the diffusion coefficient, N bac is the number of bacteria, rv is the ratio of cell volume and the volume external to the cell, and α and β are the transcription rates. These molecules will be diffused into the environment and will decay exponentially with the distance from the origin,
where AD is the autoinducer concentration at position (x, y) and (x0, y0) are the biofilm coordinates. Considering the Ac as the maximum QS level, it is possible to specify the maximum action radius of the protective wall [9] . The action radius is the maximum distance that a bacterium can be with respect to the protective wall, in order for the attraction process to occur. This can be represented as follows
where RQS is the maximum action radius; d is the maximum distance achieved by the diffused molecules; cAw is the transcription basal level for AHL produced by free-moving bacteria at the wall and t is the diffusion time.
Growth Rate and Nutrient Consumption Rate Models
Mathematical models were used to study the effect of freemoving bacteria consumption of nutrients and its effect on the biofilm growth. For the free-moving bacteria, the nutrient consumption and biomass growth rate are represented by (4) and (5) [22] :
where [S bac ] is the nutrient consumption by the bacteria;
[N1] is the bacterial concentration; µ1 is the maximum growth rate; KS1 is the half-saturation constant for free-moving bacteria; m1 is the maintenance rate of bacteria cells and U1 is an utility parameter. For the biofilms, other parameters are used to represent the growth and nutrient consumption. Quorum sensing system and EPS production have important roles in biofilm growth, and is highly related to the nutrient consumption rate. For the quorum sensing process, we considered the Nacyl-L-homoserine lactone (AHL) molecules and the LuxR receptors, and their rates are described by (6)- (9) [17]
where
are the AHL, LuxR, LuxR -AHL complex and dimerized complex concentration, respectively. The EPS production that results from the quorum sensing process is represented as [24] 
The rate expression for the biofilm growth N2, considering that bacteria has a limited growth and fixed maintenance rate (this is related to the nutrient consumption when bacteria is neither growing nor dividing) is represented as
The nutrient consumption rate [S bio ] function which is the weighted sum of all rate functions of this process [22, 24] is represented as follows
where cA and cR are the transcription basal levels for AHL and LuxR, respectively; kA and kR are the transcription rates; KA and KR are the degradation rates; µ2 are the maximum specific growth rate for the free-moving as well as bacteria inside the biofilm; k0, k1, k2, k3, k4, k5 are the translation rates; KS2 is the half-saturation constant for the biofilm; m2 is the maintenance rate; kEP S is the maximum EPS production rate; KC is the dimerized complex degradation rate and U2, UAHL, ULuxR, UEP S are the utility parameters.
Considering that free-moving bacteria and biofilms are coexisting and competing for the same nutrients [S], (5), (11) and (12) 
The growth rate of free-moving bacteria attracted to the
where µw is the rate of free-moving bacteria that is attracted to the wall per hour. Therefore, both (5) and (15) will be modified to consider (16) , and is represented as follows 
BIOFILM DISPERSAL
In this section, we present the analysis of the biofilm's breakdown mechanism due to the starvation process. All equations shown in Section 3 are solved using the parameters presented in Table 1 . The nutrient consumption rate, biofilm and free-moving bacteria growth rate are required to understand the biofilm's breaking process.
Numerical Results
We analysed the bacterial growth and nutrient consumption rates for the free-moving bacteria and biofilm when they are isolated as well as mixed (forming the wall) in the same environment using (4)- (15) . The population of the freemoving bacteria, when isolated, will grow and consume the nutrients as shown in Figure 3 . After growing for 7.4 hours, those free-moving bacteria will die due to insufficient nutrients. Figure 3 also shows that they have the same behaviour when they co-exists with the biofilm. Figure 4 presents the biofilm growth rate over time. Nutrient concentration decays non-linearly over time towards zero producing a fast decaying process for the biofilm after 33 hours when isolated. However, when co-existing with free-moving bacteria, the biofilm decays with a higher rate than when isolated. Its take 10 hours to deplete the nutrients and start the decaying process. From Figures 3 and  4 we can observe that the decay rate of the biofilm is increased by the competition with the free-moving bacteria. Therefore, in order to quickly disperse the biofilm, it is necessary that most of the free-moving bacteria are attracted to the wall within 7.4 hours (this is of course with respect to the quantity of nutrients we have considered).
Simulation Results
Since our objective is to attract most of the free-moving bacteria from the environment towards the biofilm location, we simulated a scenario to determine the quantity of bacteria that will successfully arrive at that location within 7.4 hours. We placed one biofilm at a random position in a closed area (1000×1000µm), with 1000 free-moving bacteria swimming in the area. On average, 53% of free-moving bacteria were attracted to the wall. We observed the attraction probability over time (five time steps from 1 to 5 hours) to evaluate the rate of free-moving bacteria that will continuously enter into the wall. Once the attraction probability of the five time steps are calculated, we used linear regression to obtain the rate of bacteria attraction to the wall µw = 0.11, and this was used to evaluate (16) - (18). The results of integrating the rate of bacteria attraction is illustrated in Figure 5 . As we can see from the figure, with continuous addition of free-moving bacteria to the wall, the biofilm started to decay in 5.4 hours making the natural competition process for the nutrients more efficient. Figure 6 evaluates the attraction probability when the action radius is varied as well as the number of free-moving bacteria. Once again the biofilm was placed in a random position in a closed area of size 1000 × 1000µm. The RQS is varied between 1 and 20 µm and the number of free-moving bacteria is varied between 500, 1000 and 1500. The total simulation period is set at 1 hour. As shown in Figure 6 , the attraction of free-moving bacteria increases accordingly to that action radius for all considered bacteria number. For 1000 and 1500, the system achieved its maximum attraction at RQS = 15µm. However, the same does not occur for a few number of bacteria (e.g. 500) in which case a wider action radius is needed.
CONCLUSION
Over the years, researchers have been developing new solutions that can treat biofilms. The formation of the biofilm results from the bacteria's cooperative behaviour, and once 
N bac from 1000 to 10000 -a 0.004 gm D from 100 to 1000
they are formed will create a protective shield that makes them hard to kill. This can lead to infections within the human body as well as contamination within the environment (e.g., biofilms formed in water). Although solutions have been proposed to break and disperse the biofilms, they are based on using nanoparticles or drugs. This paper proposes the use of engineered free-moving bacteria that will cooperate and surround biofilms to hijack the nutrients within the environment. The consumption of the nutrients by freemoving bacteria will lead to minimum nutrients flowing into the biofilm leading to its breakdown. Our numerical analysis has shown how a certain quantity of bacteria that consume the nutrients can grow and populate, and at the same time the starvation of the biofilm can lead to negative growth. Our simulation have also shown that through the cooperative communication of autoinducers by the free-moving bacteria, this can lead to an attraction process that draws in a certain quantity of the microbes towards the biolfim. The proposed approach has shown the promise of using synthetic biology to engineer bacteria that can be used to breakdown and disperse biofilms.
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